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Conventional high strength alloys lack ductility due to lower work hardening and early onset of damage nucle-
ation. To overcome this deficiency, high entropy alloys (HEAs) enjoy the benefit of metastability of phases to
tune the deformation mechanisms for engineering strength and ductility. Inspired by this, here we present fric-
tion stir processed Fe40Mn20Co20Cr15Si5 HEAwith ultrafine face centered cubic (f.c.c.)γ grains embedded in a re-
fined hexagonal closed packed (h.c.p) ε matrix. Transformation of γ grains and twinning in ε matrix triggered
uniform strain partitioning among these phases and sustained work hardening during deformation thereby re-
versing the conventional strength-ductility trade-off.

© 2018 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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Strength and ductility are basic fundamental properties that deter-
mine the usability of a structural material. However, strength always
varies inversely with ductility; thus, the popularly known phrase “in-
verse strength-ductility relationship” inmetallic materials is considered
as the crucial factor in alloy design [1,2]. Major research efforts [1–5] are
targeted on overcoming this inverse strength-ductility trade-off
through development of advancedmaterials such as ultra-high strength
steels, aluminium alloys and recently-explored high entropy alloys
(HEAs). The concept of adding equal amounts of constituent elements
in the alloy system led to the foundation of well-known CoCrMnFeNi
equiatomic HEAs that showed exceptional room temperature mechan-
ical properties [2,3]. Further work on HEA compositional design by ad-
dition of non-transition element such as Al in the equiatomic
configuration resulted in significant improvement not only in tensile
behaviour but also in wear, corrosion and fatigue properties of the
alloy [4–8]. The latest work by Li et al. [9] utilized the metastability of
phases synergized with high entropy to tune the deformation mecha-
nisms and thereby yield an extraordinary combination of strength and
ductility for non-equiatomic dual-phase HEAs (DP-TRIP-HEAs). Thus,
they claimed that the material can be ductilized with steady increase
in strength through sustained work hardening (WH) during deforma-
tion. Classical theory of WH considers dislocation-based hardening as
the major component in enhancing strength. However, microstructural
features such as precipitates, deformation twins, and strain-induced
phases become predominant in strain accommodation depending on

the stacking fault energy (SFE) of the material [9–11]. Non equiatomic
design of HEAs provides huge compositional space for developing new
alloyswith tunable SFEs that upon subsequent processing show respon-
sive microstructural evolution. This responsive microstructural evolu-
tion in conjunction with core benefits of HEAs provides adaptive
phase stability in the alloy for obtaining the desired property combina-
tion. This “Microstructural Flexibility” in an alloy can be very useful for
overcoming the conventional strength-ductility dilemma [1,9–11]. He
et al. [1] postulated that severe plastic deformation (SPD) of austenitic
matrix in transformation induced plasticity (TRIP) steels gives rise to
first-order, strain-induced austenitic (f.c.c) to martensitic (h.c.p.) trans-
formation that results in highly dislocated martensitic matrix in themi-
crostructure. However, along with dislocated martensite (ε, h.c.p.
phase), the SFE-governed phase stability triggers different strain accom-
modation modes in the material providing simultaneous increase in
strength and ductility [1,9]. To favour twinning induced plasticity
(TWIP) or TRIP in the material, SFE should be low enough to decrease
either the critical stress required for twinning or martensitic start
(MS) temperature [10–14]. As Si and Cr were reported to decrease the
SFE [12–14] in the Fe-Mn rich alloys, a new HEA Fe40Mn20Co20Cr15Si5
(all in at.%) was developed to incorporate the possibility of transforma-
tion or twin driven plasticity in thematerial via reduction in SFE (i.e. in-
creasing the metastability of γ (f.c.c.) phase). Therefore, this enhanced
metastability of γ phase in these TRIP/TWIP alloys provides tempera-
ture, strain and/or strain rate sensitive phase evolution in the material
during processing [12–14]. Conventional processing such as rolling,
forging can control either of the temperature or strain rate during one
cycle whereas simultaneous control of temperature, strain rate and
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strain during processing would provide the responsive phase and grain
size evolution (i.e. microstructural flexibility) in the material having
particular chemistry. Friction stir processing (FSP) being a unique pro-
cess wherein all these processing parameters can be controlled in syn-
ergy [15], was thus used to engineer the microstructure of the
Fe40Mn20Co20Cr15Si5 (henceforth designated as CS-HEA) HEA in the
present work.

The CS-HEA was produced by vacuum arc-casting in a cold copper
crucible. The vacuum level achieved was approximately 300 μm, and
the chamber was backfilled with argon to 1 atm prior to each melt
using pure metals with a nominal composition of Fe40Mn20Co20Cr15Si5
(at.%) and ingot dimensions of 300 × 100 × 6 mm3. Subsequently,
these 6 mm sheets were friction stir processed (FSP) using the W-RE
tool with the parameters as shown in Table 1. The processing tool had
a shoulder diameter of 12 mm with tapered pin. The root diameter,
pin diameter, and length of the tool were 7.5 mm, 6 mm, and 3.5 mm,
respectively.

Microstructure of the alloy in as-cast (coarse-grained) and recrystal-
lized (grain-refined) conditions were analyzed by various methods. X-
ray diffraction (XRD) measurements were performed using an
RIGAKU X-Ray equipped with Cu Kα radiation operated at 40 kV and
30mA. Electron backscatter diffraction (EBSD)measurementswere car-
ried out by a FEI NOVA Nano (SEM) with a Hikari camera and the data
was analyzed using TSL OIM 8 software. Dislocation density measure-
ments were made using the TSL software which follows the procedure
mentioned in Ref. [16]. Rectangular 1 mm-thick, dog-bone-shaped
mini-tensile specimens were machined using a mini computer numeri-
cal control (CNC) machine from 1 mm below the surface within the
nugget region of the all FSP specimens, whereas from the top surface
of the as-cast ingot. Gage length and width of the tensile specimens
were 5 and 1.25 mm, respectively. In each condition, three samples
were tested at room temperature and an initial strain rate of 10−3 s−1

to confirm reproducibility of the results.
As expected, the selection of alloy chemistry lowered the SFE sub-

stantially thereby stabilizing the ε phase dominant dual phase micro-
structure [12–14] in the as-cast condition of CS-HEA (Fig. 1a–e). The
chemical homogeneity of the microstructure is also evident from the
EDS-X-ray map for as-cast material (Fig. 1b) depicting elemental com-
position very similar to nominal composition (NC) of CS-HEA (Fig. 1c).
The grain size as well as martensite (ε) phase fraction prior to deforma-
tion in the as-cast material is the characteristic of the chemistry of the
alloy [9–11] which further gets altered by the processing (Fig. 1f1–f3).

The intense deformation per unit time (i.e. strain rate) at higher
temperature refines ε phase while short duration does not allow com-
plete transformation to γ phase which is thermodynamically stable
phase at high temperature. This kinetic stabilization (strain, strain rate
and temperature sensitive phase stability) of phases while refining the
microstructure is key for producing flexible microstructures in the ma-
terial [10,13]. Similar observations are made in the present study
(Fig. 1f1–f3) wherein S350 (single pass of FSP at 350 rotations per
minute (RPM)) specimens (i.e. high strain rate processing) showed al-
most 90% ε phase (Fig. 1d–e and f1); whereas S150 (single pass of FSP
at 150 RPM) condition (i.e. low strain rate processing) exhibited γ
phase (65%) dominant dual phase microstructure (Fig. 1d–e and f3).
The microstructural evolution in D-pass (two overlapping passes, first
at 350 followed by 150 RPM run) specimen is quite different from

S150 even though the final thermomechanical processing experienced
by both specimens is similar. This is a strong indication of the deforma-
tion induced phase stability during the 350 RPM run which altered the
microstructural evolution in CS-HEA during the subsequent 150 RPM
run. Moreover, almost equal bc + aN dislocation density value of ~5
× 1014 m−2 for both S350 and S150 conditions indicates that D-pass
has experienced almost similar strain at the end of processing but
with higher heat input which drives the formation of almost 31% γ
phase (Fig. 1f2) at the end of the second pass in D-pass condition
[9,11,17]. These results suggest that, CS-HEA showed responsive phase
evolution with FSP parameters suggesting plausibility of microstruc-
tural flexibility in the same. Though, there is responsivemicrostructural
evolution upon FSP, the chemical homogeneity of the material is unal-
tered due to shear driven transport of elements during processing
[15]. The EDS analysis for the D-pass specimen (Fig. 1c) confirms the
chemically homogenized microstructure by showing the elemental dis-
tribution very close to the nominal composition of CS-HEA.

Conventional materials including TRIP steels [18,19] show increased
strength with deterioration of ductility as depicted by the blue and yel-
low curves in Fig. 2a. However, CS-HEA exhibited a completely reversed
trend exhibiting higher ductility for specimens with higher strength
(marked by the red curve in Fig. 2a. This reversal in the strength-
ductility relationship is attributed to the self-tunable deformation ac-
commodation in microstructurally flexible CS-HEA. This is also con-
firmed by the distinct nature of engineering stress-engineering strain
curves (Fig. 2b) for each FSP condition in comparison with the as-cast
state. The as-cast material contained coarse grained ε phase (Fig. 1a),
which limits itsWH ability since forming geometrically necessary dislo-
cation (GND) arrays in harder and largermartensiticmatrix is not favor-
able and hence exhibit low strength and ductility [2]. Up to ~100%
increase in yield strength (YS) upon FSP can be attributed to reduction
of ε and γ grain sizes (average d ~0.5–0.6 μm). In TRIP steels, strain in-
duced martensitic transformation is the primary mode for plasticity
[9,18,19] whereas in most of the conventional materials, slip dominant
dislocation interactions accommodates most of the strain [9–11]. How-
ever, the extent of WH in FSP-CS-HEA specimens during tensile defor-
mation is primarily driven by the prior ε and γ phase fractions and
their distribution in the microstructure.

Detailed characteristics of deformation related changes in micro-
structure are shown in Fig. 3a–f). Fig. 3b–e have three corresponding
micrographs capturing phase distribution, orientation distribution and
GND distribution for S350 and D-pass specimens before and after defor-
mation. The starting microstructure of S350 condition showed twinned
martensitic microstructure along with very fine γ phase dispersed
throughout it (Fig. 3b1). Being h.c.p. lattice, martensite (ε phase) has
fewer slip systems available for deformation than the γ phase and
thus undergoes pronounced twinning and pyramidal bc + aN slip to ac-
commodate deformation (compare the GND distribution in Fig. 3b3 and
c3). S350 condition depicted a rapid decrease during stage III of WH
with localized variation in slope of the curve over a narrow plastic strain
range of 0.05 to 0.15 (green curve in Fig. 3a). Indication of controlled de-
formation twinning in ε phase for S350 is further highlighted by black
arrows in Fig. 3c1 and c2. Overall uniformity of GND distribution
(Fig. 3c3) across twinned and un-twinned regions is evident. The S350
condition had very high starting ε phase fraction, so no substantial
change in the ε phase fraction during tensile deformation (Fig. 3b1 and
c1)) is expected. Therefore, TWIP in ε phase is a primary mode of defor-
mation for S350 condition [9,11,20–22].

D-pass condition showed distinctly different WH behavior by the
gradual change in slope at the strain level of ~0.08 with the formation
of the local maxima (hump) at later stages of tensile deformation
(Fig. 3a). This notable slope change in the WH curve is a strong indica-
tion of TRIP which is supported by the evolution of as-processed dual
phase microstructure (Fig. 3d1) to fully martensitic microstructure
(Fig. 3e1). The formation of hump in the red curve (Fig. 3a) represents
a local increase in WH rate because of dynamic Hall-Petch effect

Table 1
Processing parameters selected for FSP.

Processing parameters S350 S150 D-pass

Single pass Single pass Pass 1 Pass 2

Rotational rate (RPM) 350 150 350 150
Traverse speed (mm/min) 50.8 50.8 50.8 50.8
Plunge depth (mm) 3.65 3.65 3.65 3.65
Tilt angle (°) 2.0 2.0 2.0 2.0
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